Regulation and maintenance of protein synthesis are vital to all organisms and are thus key 8 targets of attack and defense at the cellular level. Here, we mathematically analyze protein synthesis 9 for its sensitivity to the inhibition of elongation factor EF-Tu and/or ribosomes in dependence of 10 the system's tRNA and codon compositions. We find that protein synthesis reacts ultrasensitively 11 to a decrease in the elongation factor's concentration for systems with an imbalance between codon 12 usages and tRNA concentrations. For well-balanced tRNA/codon compositions, protein synthesis 13 is impeded more effectively by the inhibition of ribosomes instead of EF-Tu. Our predictions are 14 supported by re-evaluated experimental data as well as by independent computer simulations. Not 15 only does the described ultrasensitivity render EF-Tu a distinguished target of protein synthesis 16 inhibiting antibiotics. It may also enable persister cell formation mediated by toxin-antitoxin systems.
Moreover, the sensitivity of protein synthesis to EF-Tu inhibition is not only an important aspect of Table 1 : Examples for reported mechanisms of translation inhibition targeting the ribosome and/or EF-Tu as illustrated in Fig. 1 .
Fig. 1 Target Mechanism Reference
A EF-Tu Phosphorylation by toxin Doc suppresses ternary complex formation [12] [13] [14] Antibiotics pulvomycin and GE2270 A sterically hinder ternary complex formation [5, [16] [17] [18] [19] codons and their cognate tRNAs. We conclude that imbalances between tRNA abundances and codon 85 usages lead to an ultrasensitive dependence of cellular protein synthesis on EF-Tu concentration. We 86 confirm these findings by computer simulations of the in-vitro synthesis of fMetLysHis tripeptides using 87 the "PURE system simulator" [28] and compare the effects of EF-Tu and ribosome inhibition on the 88 synthesis rate. 89 Results
90
Translating ribosomes proceed at an average or overall protein synthesis rate that is cell-type-and growth-91 condition-specific. We applied our computational framework of protein synthesis published in [24, 25] for 92 E. coli growing at a specific rate of 2.5 h −1 under physiological conditions, and calculated the overall 93 elongation rate for different concentrations of EF-Tu. We found that even a minor decrease in the abun-94 dance of EF-Tu has a strong inhibiting effect on protein synthesis, see Fig. 2 , showing an ultrasensitive dependence of the overall elongation rate on EF-Tu for most of the studied E. coli strains. To facilitate comparison, data are rescaled as described in the Supplementary Information and solid lines are drawn as a guide to the eye. Symbols represent different E. coli strains with mutated tufA and/or tufB genes coding for EF-Tu, see Table 2 in Ref. [27] .
E. coli has a complex decoding system with 61 sense codons and 43 tRNAs that are either cog-106 nate, near-cognate, or non-cognate to each of the codons. This complexity, which is fully captured by 107 our computational in-vivo-like translation system [25] , makes it difficult to find the molecular origin of 108 the ultrasensitive dependence of protein synthesis on EF-Tu concentration. To get additional insight, 109 we greatly simplify our computational protein synthesis framework and study two artificial translation 110 systems with highly reduced sets of codons and tRNAs, instead.
111
One-codon-one-tRNA (1C-1T) translation system is not ultrasensitive to EF-Tu concentra-112 tion. The simplest translation system consists of one codon and one tRNA that is cognate to the codon.
113
Experimentally, such a one-codon-one-tRNA (1C-1T) model is realized by a cell-free (in-vitro) expression 114 system containing for example only poly-U mRNA and Phe-tRNA Phe . In the Supplementary Informa-115 tion, all details on the system of equations describing the 1C-1T model can be found. For such a 1C-1T 116 translation system, the dependence of the overall elongation rate on the EF-Tu concentration follows 117 a Michaelis-Menten-like behavior: At first, the overall elongation rate increases linearly with increasing 118 EF-Tu concentration and then levels off once it has reached a certain saturation value, see Fig. 3 A) . 119 We conclude that a 1C-1T translation system is not ultrasensitive to the abundance of EF-Tu. Instead, 120 at lower values the overall elongation rate is approximately proportional to the EF-Tu concentration; 121 in contrast to in-vivo translation, which requires a substantial amount of EF-Tu for significant protein 122 synthesis, see Fig. 2 . Figure 3 : Ultrasensitivity in reduced translation systems. A) Inhibition of EF-Tu generally leads to a decrease in the overall elongation rate. For the one-codon-one-tRNA (1C-1T) translation system (solid blue line), the overall elongation rate is proportional to the abundance of EF-Tu for low EF-Tu concentrations. The same holds for the 2C-2T translation system when codon usages p i and tRNA concentrations X i (i = 1, 2) are perfectly balanced (dashed orange line; p 1 /p 2 = X 1 /X 2 = 1). If the codon usages do not exactly match the relative tRNA concentrations, the overall elongation rate becomes ultrasensitive to the concentration of EF-Tu (green, red, and purple dashed lines; p 1 /p 2 = 1 and X 1 /X 2 as indicated). In all cases, the total tRNA concentration is X 1 + X 2 = 344 µM. Vertical solid black lines indicate EF-Tu threshold concentrations E * = 69 µM, 138 µM and 206 µM, respectively, as given by eq. (1). B) Concentrations of free EF-Tu molecules (solid lines), free ternary complexes of the more abundant species 1 (dotted lines) and of the less abundant species 2 (dashed lines) as determined by the set of eqs. (18) -(21) in the Supplementary Information. In the low-concentration regime E < E * , the free ternary complex concentration of the more abundant species 1 increases roughly linearly with E whereas the concentration of the less abundant species 2 remains practically zero up to E * . Same parameters and corresponding color code as in A). C) PURE system simulator [28]: Quasi-steady state overall elongation rate of in-vitro fMetLysHis tripeptide synthesis as a function of EF-Tu concentration for X Lys + X His = 3.44 µM and X Lys /X His as indicated, see text for details. Vertical solid black lines indicate EF-Tu threshold concentrations determined by eq. (1). D) Response of the in-vitro fMetLysHis tripeptide synthesis system to a sudden drop in EF-Tu concentration from 5 µM to 3 µM at 100 s after start of reaction as predicted by the PURE system simulator for tRNA concentrations X Lys + X His = 3.44 µM and X Lys /X His = 8/2.
�)
Ultrasensitivity to EF-Tu concentration is caused by imbalances between codon usage and tRNA concentrations. Because 1C-1T translation cannot explain the efficient regulation of protein synthesis via EF-Tu as observed in E. coli, we slightly increase the complexity of our computational physiological protein synthesis is shifted towards higher concentrations of EF-Tu for stronger mismatches 149 of tRNA concentrations and codon usages. We discovered that the EF-Tu threshold concentration E * only 150 depends on the total concentrations X 1 and X 2 of tRNA species 1 and 2 and the codon usages p 1 and p 2 .
151
It does not depend on any other parameter of the translation system such as the many transition rates 152 that govern the kinetics of protein synthesis. Instead, this dependence is described by the unexpectedly
The EF-Tu threshold concentration for the parameter regime X 1 /X 2 ≤ p 1 /p 2 is obtained by swapping recent version of the PURE system simulator, which was kindly provided by Drs. Matsuura and Shimizu, to simulate the in-vitro synthesis of fMetLysHis tripeptides via translation of short mRNAs consisting of 192 a lysine and a histidine codon enclosed by a start and a stop codon (AUGAAACACUAA). Simulation of 193 fMetLysHis synthesis by the PURE system simulator represents an in-silico prediction of a 2C-2T in-vitro 194 translation experiment. We varied the initial concentration of EF-Tu from 0 to 5 µM and determined for 195 each EF-Tu concentration the rate of tripeptide synthesis at the end of the simulation after 1000 s when 196 the simulated PURE system has long reached a quasi-steady state peptide synthesis rate. Fig. 3 C) shows 197 that the quasi-steady state peptide synthesis rate in the PURE system is ultrasensitive to the concen-198 tration of EF-Tu if the tRNA concentrations do not perfectly match the codon usages. Again, the onset 199 of translation is well-predicted by eq. (1). In addition, we used the PURE system simulator to study Figure 4 : PURE System Simulator: Effects of ribosome (and EF-Tu) inhibition on the synthesis of fMetLysHis tripeptides. When the PURE system is depleted for ribosomes (solid lines), the total rate of peptide synthesis decreases (purple) but the synthesis rate per ribosome increases as long as the ribosomal concentration is not too low (black). In contrast, Fig. 3 C) shows that upon depletion of EF-Tu (i.e., for constant concentration of ribosomes), both the peptide synthesis rate in total and per ribosome decrease. When the concentrations of ribosomes and EF-Tu molecules are inhibited simultaneously by the same absolute amounts ( , [EF-Tu] = [ribosomes]), EF-Tu inhibition has a stronger influence on peptide synthesis than ribosome inhibition (A,B) unless the tRNA concentrations are comparable (C, D). For each data point, translation was simulated until a quasi-steady state was reached. Simulations were performed and parametrized as described in the Methods, with a total tRNA concentration of X Lys + X His = 3.44 µM and concentration ratios X Lys /X His as indicated.
Surprisingly, we found a very limited tolerance of the translation system to deviations from physio- The toxin Doc from the phd/doc toxin-antitoxin system inhibits EF-Tu by phosphorylation [13, 14] .
240
Our results show that it is not necessary to phosphorylate a major fraction of EF-Tu to achieve a strong Table 1 for examples. We found that the efficiencies of these different protein synthesis suppression 258 pathways depend on the tRNA and codon compositions of the translation system. For balanced translation 259 systems, for which the tRNA abundances roughly match the corresponding codon usages, inhibition 260 of ribosomes rather than EF-Tu has a strong impact on the peptide synthesis rate. On the contrary, 261 a decrease in EF-Tu greatly impedes protein synthesis in imbalanced systems, where the additional 262 inhibition of ribosomes has a negligible effect.
263
The ultrasensitive dependence of the overall elongation rate on the EF-Tu concentration is inherent 264 in imbalanced translation systems but not in systems with a balanced tRNA/codon composition. This 265 observation provides a possible explanation for the strain-specific correlation of EF-Tu abundance and 266 growth rate in E. coli as shown in Fig. 2 B) and Ref. [27] .
267
Moreover, the mechanism described in this work may help to understand the tissue-specificity of mi-268 tochondrial disorders caused by mutations of human mitochondrial EF-Tu (mt-EF-Tu). Valente et al.
269
report that a mutation in mt-EF-Tu that leads to severe inhibition of translation in mitochondria of the 270 central nervous system does not affect other tissues [36, 37] . This tissue-specificity might be related to 271 differential mitochondrial mRNA and tRNA expression giving rise to differences in the mitochondrial 272 tRNA/codon composition of the various tissues.
273
The theoretical predictions presented in this work could be tested for in-vitro protein synthesis with 274 cell-free expression systems as well as for in-vivo translation using, for example, EF-Tu and ribosome 275 inhibiting drugs. Our finding, that the efficiency of protein synthesis inhibition mediated by EF-Tu 276 depends on the tRNA/codon composition, hints towards a potential use of EF-Tu targeting drugs for 277 tissue-or pathogen-specific treatments. It thus may encourage further studies for the identification of 
